Abstract: A series of structural and electrochemical studies of the triblock copolymers (TBCs) based on poly(ethylene oxide) (Mn = 14 and 35 kDa) and polyacrylamide (PAAm-b-PEO-b-PAAm), which formed the intramolecular polycomplexes, were carried out using nuclear magnetic resonance, differential scanning calorimetry, wide-angle and small-angle X-ray scattering, and impedance spectroscopy. The combination of the amorphous mass-fractal-organized structure of the copolymers with high level of the ionic conductivity of pure TBCs and their compositions with the couple KI/I2 and LiPF6 salt was established. Possible reasons for the effects in the context of applications of TBC compositions in solar cells and lithium batteries are discussed.
INTRODUCTION
The poly(ethylene oxide) (PEO)-based solid polymer electrolytes have many potential applications in different electrochemical devices such as dyesensitized solar cells (DSSCs), solid-state lithium batteries (SSLB) and organic solar cells [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In DSSCs, a solid polymer electrolyte would provide not only a high ionic conductivity between the photoelectrode, which comprises the dye-attached nanoscale metal oxide (in particular, titanium dioxide), and the counter electrode with platinum catalyst layer but also a large interfacial contact area between the electrolyte and dye, thus enhancing the efficacy of the light energy transformation [12] [13] [14] .
Crystallization of PEO sharply reduces the mobility of its segments and decreases the conductivity of polymeric matrix. Therefore, numerous efforts were done to find the ways to increase the ionic conductivity of the PEO-containing electrolytes and simultaneously to lower or even to prevent the crystallization phenomenon. The following operations were carried out for this purpose: i) the alkali metal salts with the large volume of counter ions (perchlorate, tetrafluoroborate, bis[perfluoro(alkylen)sulfonyl] imide *Address corresponding to this author at the Department of Macromolecular Chemistry, Kiev National Taras Shevchenko University, Faculty of Chemistry, 60 Vladimirskaya St., 01033 Kiev, Ukraine; Tel: +38 (044) 2393411; Fax: +38 (044) 2393100; E-mail: zheltonozhskaya@ukr.net and other anions) were introduced in the content of solid polymeric electrolytes [3, [15] [16] [17] ; ii) terminal groups of PEO chains were modified [12, 18] ; iii) other co-monomers were introduced into PEO chains [4, 5] ; iv) the PEO-containing solid-state electrolytes were additionally filled with amorphous oligomers [6] , other polymers [19] [20] [21] [22] , different nanoparticles [5, [23] [24] [25] or nanotubes [26] [27] [28] and plasticizers [11, 29] ; v) the block and graft copolymers comprised PEO and amorphous components such as poly(propylene oxide), polystyrene, poly[alkyl(meth)acrylates] etc. were created and used as matrices in solid electrolytes [30] [31] [32] [33] ; vi) PEO chains were cross-linked [34] [35] [36] .
In the case of linear block copolymers, the largest decrease in the crystallinity degree of PEO, X c , was observed in the triblock copolymers with PEO central block and two side amorphous blocks [37] . When the length of side amorphous blocks became higher than a certain critical value, which depended on chemical nature of the blocks and PEO length, the triblock copolymers completely lost their capability of crystallization [38] . In the graft copolymers contained PEO grafts, X c value was the lower, the less the length and quantity (density) of grafted chains. The relationship between X c and the parameters pointed was opposite in the graft copolymers, where PEO was the main chain [30] .
There is also one more way to produce solid-state polymer electrolytes with practically full suppression of PEO crystallization, namely, application as polymeric matrices the intermolecular polycomplexes (InterPCs), which are formed between PEO and polyacids or other proton-donor polymers by means of hydrogen bonds [39] [40] [41] . Indeed, the amorphous bulk structure of such InterPCs and their enhanced binding capability with respect to different ions, organic substances and colloidal particles are well known [42, 43] . At the same time, the main drawback of InterPCs such as potential capability of disintegration to separate components under the effect of external stimuli (temperature, pH and so on) and/or strong competitors (solvent molecules, ions and other additives), which destroy an initial H-bond system, is well known too [44] . This can negatively influence the formation and exploitation of multicomponent polymer electrolytes based on InterPCs.
We consider that the application of the PEOcontaining intramolecular polycomplexes (IntraPCs) [45] as polymeric matrices is essentially more perspective. These IntraPCs are formed in macromolecules of the double hydrophilic block and graft copolymers with chemically complementary components and combine properties of both the blocktype copolymers and InterPCs. Interacting components are additionally fixed in IntraPCs by covalent bond(s); due to this they can demonstrate higher stability in many competitive processes, which accompany the formation of multicomponent polymer electrolytes. Moreover, IntraPCs possess by high binding capability as InterPCs [45] . The interest to the PEO-containing IntraPCs sharply increased last decade [45, 46] but their ionic conductivity was not practically investigated in the interrelationship with a bulk structure.
In the present work, we studied the ionic conductivity of PAAm-b-PEO-b-PAAm triblock copolymers (TBCs), which contained amorphous polyacrylamide and formed IntraPCs, and also multicomponent systems comprised TBCs. It was shown earlier [47] that due to existence of both the long amorphous chains of PAAm and IntraPC formation, TBC structure preserved an amorphous character also at a high length of PEO block (up to M n ~ 40 kDa). This fact and also well-known capability of PEO oxygen atoms [1, 3] and PAAm amide groups [48] to connect different ions were dominant for a production of solidstate electrolytes based on pure TBC films and those doped by ionic components. The electrolyte for DSSCs was doped by the Red/Ox couple KI/I 2 , which is usually applied for a regeneration of the oxidized dye [6, 10, 13, 14] , unlike the electrolyte for SSLB, which was filled with lithium salt (LiPF 6 ).
EXPERIMENTAL SECTION

(Co)Polymer Syntheses
In TBC syntheses, poly(ethylene glycol) with n = 14 (PEG1) and 35 kDa (PEG2) and cerium ammonium nitrate from "Aldrich" (US ) and also acrylamide (AAm) from "Merck" (Germany) were used. The monomer was twice re-crystallized from chloroform before a synthesis. All syntheses were carried out in the deionized water using a template radical block copolymerization, in which PEO radicals formed by Red/Ox reaction between terminal hydroxyl groups of PEG and Ce IV ions participated [45] . The molar ratio of Homopolymerization of AA was carried out in analogous conditions using ethanol instead PEG to initiate a radical process. The synthesized samples of TBC1-TBC3 and PAAm were re-precipitated by acetone, dissolved again in the deionized water and freeze dried. Final dried polymer samples had a porous structure, due to this they resembled a wadding.
Molecular Structure Characterization
In order to confirm the chemical structure of TBCs and to determine the molecular weights of PAAm blocks and TBC macromolecules, the nuclear magnetic resonance (NMR) spectroscopy was applied. ) at 400 MHz and 20 º using a Mercury-400 instrument from "Varian" (USA). The chemical shifts, , were determined relatively to tetramethylsilane as a standard. Molecular parameters of PAAm (M w = 81 kDa, M w /M n = 1.38) were found by gel permission chromatography.
Differential Scanning Calorimetry (DSC)
The bulk structure of TBCs was characterized first by DSC using a DSC-910 microcalorimeter and "Du Pont"-1090 (USA) thermoanalyzer. To determine parameters of structural transitions, the instrument was calibrated by indium and zinc. Moreover, the crystal of a sapphire was heated together with the copolymers to calculate the temperature dependences of the specific heat capacity, C p , basing on the heat flow curves. Polymer samples (~ 10 mg) were carefully dried in a vacuum case and vacuum-desiccator above CaCl 2 .
Then the samples were placed in the opened DSC pans, cooled by liquid nitrogen, and heated with a rate of 16 °C min -1 .
Wide-Angle X-Ray Scattering (WAXS)
WAXS profiles of TBC films were obtained using a DRON-2.0 X-ray difractometer. The copolymer films were cast from aqueous solutions on the Teflon surface and dried in a vacuum case for one week. They had a homogeneous glassy structure. The film piles with a thickness of ~ 1 mm were used in the experiments. The monochromatic Cu-K radiation with = 0.154 nm, filtered by Ni, was provided by an IRIS-7 generator at an operating voltage of 30 kV and a current of 30 mA. The scattering intensities were measured by a scintillation detector, scanning in 0.2° steps over the range of the = 3-40° scattering angles (respectively q = 2.13-31.21 nm -1 , where q = 4 sin( /2)/ is the wavevector or the scattering vector). The diffraction curves obtained were reduced to equal intensities of the primary beam and equal values of the scattering volume [49] . Also, the normalization of experimental scattering intensities was carried out according to the (1) formula:
where exp ( ) and n(i) ( ) are the experimental and normalized intensities in WAXS profile as a function of , b ( ) is the intensity of the background for every value, 0 and are the intensities of incident and scattered beams at = 0° (the coefficient of the beam weakening).
Small-Angle X-Ray Scattering (SAXS)
SAXS experiments were carried out using an automated Kratky slit-collimated camera. Here copper anode emission, which was monochromated by the total internal reflection and nickel filter, was used. The intensity curves were recorded in the step-scanning mode of the scintillation detector in the = 0.03-4.0° region, which corresponded to the q = 0.022-2.86 nm -1 wavevector region. Thus, the study of micro-scale heterogeneous domains with characteristic dimensions (evaluated as 2 /q) from 2 to 280 nm was possible. Preliminary processing of SAXS profiles was carried out using the FFSAXS-3 program [49] and etalon sample from the laboratory of professor Kratky. The scattering intensities were normalized by the sample thickness and the scattering intensity of an etalon. Additionally, the raw intensity curves were smoothed, corrected for parasitic scattering and desmeared.
Impedance Spectroscopy
In order to measure the ionic conductivity, the films (~5 5 cm) of pure TBCs and their compositions with the couple KI/I 2 (at a constant molar ratio of 1.83) and LiPF 6 salt were cast from aqueous solutions on the Teflon surface and dried on air for 3-4 days. The copolymer films doped with KI/I 2 had a deep brown colour and homogeneous glassy structure; they were also transparent. Unlike this, TBC films filled with LiPF 6 had a white colour and were more flexible. The specific ionic conductivity, , of the samples was determined by impedance spectroscopy [50] . All the experiments were carried out in a special cell with blocking Pt electrodes in the 0.001-100 kHz frequency range at 20 ° using a Voltalab instrument (USA) with computer program Voltalab Master. The measuring protocols A, B and C were applied. A: a dry film was squeezed between the electrodes in a cell. B: a dry film was squeezed between the electrodes moistened by water; in this case a strong adhesion between electrodes and film took place. C: the initial procedure was analogous to the protocol B but all the measurements were carried out without a cell using the electrodes "stuck" together by a film. The effect of swelling was observed in the films at B and C protocols and resulted in the change of their thickness. In some cases, a nonionic plasticizer ethylene glycol (EG) was introduced in the compositions too.
RESULTS AND DISCUSSION
Chemical Structure and Molecular Parameters of the Copolymers
The examples of 1 NMR spectra for PEG2, PAAm and TBC2 are shown in Figure 1 :
The proton signal of methylene groups, a, with = 3.68 ppm was displayed in the spectra of all PEGs. The signals of methine, b, and methylene, c, groups with = 1.4-1.8 and 2.1-2.4 ppm, consequently, were observed in the spectrum of PAAm. The spectrum of TBC2 and other copolymers contained all the signals pointed, thus confirming the presence of PEO and PAAm blocks in TBC macromolecules. Using the integral intensities, A, of the signals a and c and also the known molecular weights of PEG, the numberaverage molecular weights of PAAm side blocks in TBCs were calculated according to the (2) formula:
where M 0 PAAm and M 0 PEO are the molecular weights of PEO and PAAm repeat units. All molecular characteristics of TBCs are collected in Table 1 :
According to the data of Fourier transform infrared spectroscopy (FTIR), which were obtained earlier [51] , the system of hydrogen bonds with high thermostability exists in TBCs as between PEO and PAAm blocks (Figure 2) as between PAAm segments (such as cistrans-multimers of amide groups). Obviously, that the interaction of PEO and PAAm blocks would be mainly intramolecular-type (within separate macromolecules of TBCs) in dilute aqueous solutions and intermoleculartype (between different copolymer macromolecules) in the concentrated TBC solutions and their films.
Morphology of the Copolymer Films
A bulk structure of TBC1 and TBC2 samples was characterized first by DSC method. Corresponding thermograms (the 1-st and 2-nd scans) are shown in Figure 3 . They contained an intense peak of water evaporation near 100 ° and a single glass transition, which parameters are shown in Table 2 . These data indicated a full compatibility of the polymer components and the absence of PEO crystalline regions in TBC The weight fraction of PEO block in the copolymer.
Figure 2:
The hydrogen bond system between PEO and PAAm blocks in the copolymers.
structure. Therefore, the amorphous structure of TBC1 and TBC2 could be represented as PAAm matrix, where small domains formed by the H-bonded PEO and PAAm segments are distributed.
We used further g and values for PEG ( g1 = -57 ° and 1 = 0.25 J (g K) -1 from the study [52] ) and PAAm ( g2 = 190.9 °C and 2 = 0.55 J (g K) -1 from the study [48] ) and also the weight fractions, w 1 and w 2 , for both the components in TBCs from Table 1 in order to carry out the T g -composition analysis by the Kouchman-Karasz relation (3). Note, that this relation was developed for compatible polymer blends with specific interactions [53] :
Using the (3) formula, we calculated T g * values for two PEG/PAAm blends contained the same weight fractions of the components as TBC1 and TBC2 ( Table  2) . They turned out to be in a good agreement with T g numbers, which were experimentally found for both TBC samples ( Table 2) . Thus, the conclusion about a high compatibility of the polymeric components in TBC structure was confirmed.
Additional structural properties of TBCs were established by WAXS and SAXS. Corresponding profiles for two TBC samples are shown in Figure 4 . The data for TBC3 sample were analogous. Two diffusive overlapped maxima were observed in WAXS difractograms of TBCs (Figure 4a ). They were assigned to the presence of two systems of planes in the paracrystalline lattice, which characterizes TBC amorphous structure [47] . The first maximum at ~ 15° with smaller intensity reflected the lateral periodicity in the arrangement of P Am chains. The second one at = 22.1° with greater intensity was caused by a periodic arrangement of the flat H-bonded cis-dimmers of amide groups in the structures of cis-trans-multimers [45, 51] . Analogous maxima were also displayed in WAXS difractograms of pure PAAm [47] .
A sharp smooth decay in the scattering intensity versus the wavevector (without any peaks or diffusive maxima) was observed in SAXS profiles of TBCs (Figure 4b ) that suggested the absence of any periodicity in the arrangement of separate structural elements of TBCs at the supramolecular level. Due to these results, the homogeneity of TBC structure on different structural levels was fully proved. This meant that the domains contained the hydrogen-bonded PEO and PAAm segments were uniformly distributed within PAAm matrix. But the more important and interesting fact consisted in non-monolithic (nanoporous) character of glassy TBC films. Such conclusion has been achieved by the analysis of SAXS profiles, which The temperature region for the glass transition. c The specific heat capacity jump. were normalized by the sample thickness and scattering intensity of a standard and then were represented in the double logarithmic coordinates (these plots are shown in Figure 4b in a lesser scale). The linear decrease in log I versus log q was observed practically over the whole region of the wavevectors under study and corresponded to the power scattering law by Porod (I q -Df ) [54, 55] . The parameter D f (the slope tangent of this straight line or the fractal dimension) was equal to 2.4 in the cases of TBC1 and TBC2. Such value (D f < 3) is known to reflect the presence of the porous mass-fractal-organized structure [54] [55] [56] in the copolymer films. The massfractal clusters (Figure 5 ) with the D f = 2.4 fractal dimension could be considered as separate elements of this structure [54] . 
Ionic Conductivity
Impedance spectroscopy is widely used to study electrochemical properties of different materials [50, 57] . Electrochemical impedance is usually measured by applying a sinusoidal potential excitation to an electrochemical cell and then by measuring the current through the cell [57] . At a small excitation signal, the current response is pseudo-linear and sinusoidal with the same frequency but shifted in time. The complex frequency-dependent resistance or impedance, Z( ), of some electrochemical cell with Pt electrodes, which are blocking electrode reactions, contains two contributions [50, 57] :
where Z r and jZ i are consequently the real (resistive) and imaginary (capacitive) parts of the complex impedance, j = -1 is the complex number, R and C are the volume resistance and capacity of the cell, is the radial frequency [50] . Due to studying frequency dependences of both the contributions, the determination of the specific ionic conductivity of polymer electrolytes is possible. The impedance spectra of TBC2 and its compositions with the couple KI/I 2 , which ones are represented as dependences of the imaginary part of the complex impedance versus the real part (Nyquist Plots [57] ), are shown in Figure 6 . Note that each point on the Nyquist Plot is the impedance Z at one frequency.
It can be seen that the entire semicircular portion in the complex impedance representation was absent, led to a conclusion that the total conductivity is mainly the result of ionic conductivity. The volume resistance of the films at the infinitely high frequency was determined by the linear extrapolation of these impedance data to the abscissaaxis. Such extrapolation is typical in the studies of polymer electrolytes [16, 58] . The specific ionic conductivity was calculated according to the (3) relation [16] :
where l is the film thickness; S is the electrode area; R is the volume resistance of a film at the infinitely high frequency.
The results are shown in the right part of Table 3 . Even a dry film of pure TBC2 displayed the high level of the ionic conductivity as compared to the films of: i) a partially cryatalline pure PEO with M w =600 kDa ( = 8. 35 10 -10 [59] or ~3 10 -10 S cm -1 [28] at 25 °C) and ii) an amorphous dry layer-by-layer PEO/PAAc composition ( = 3.9 10 -11 S cm -1 at 25 °C and pH = 2.5) [41] . This effect could be explained by the following. Firstly, both TBC components are highly hydrophilic that results in the presence of ~10 wt/% moisture even in the carefully dried TBC films (the data of dynamic thermogravimetric analysis, DTGA). Actually, every oxygen atom of PEO can adsorb 2 water molecules whereas every amide group of PAAm can connect up to 4 water molecules. Further, PEO chains lose their ability of crystallizing because of the interaction with PAAm chains. Therefore, the mobility of PEO chains keeps and promotes the conductivity growth. Finally, the nanoporous mass-fractal organization of TBC structure ensures a free transport of the ions, which are contained in the adsorbed water and possibly in the copolymer sample after synthesis (see above-mentioned synthetic strategy), throughout the copolymer films under the action of electric field. An important role of the porous film structure in the increase of their ionic conductivity was also noted in the studies [25, 60] . Introduction of I/I 2 caused the regular increase in the film conductivity in 10-24 % that depended on the electrolyte concentration ( Table 3) . It should be noted that the achieved ionic conductivity for the dried composite TBC films ( max = 3. Table 3 ) and its compositions with KI/I2 (films 2-5), which were measured in the 0.001-100 kHz frequency range using the protocols: At the same time, the highest effects were observed at a film testing in the regimes B and C that is in the swelled films ( Table 3 ). The conductivity of the swelled TBC2 film was in two orders higher than that of the dry film. An additional increase in the conductivity more than in order has been achieved in the swelled films contained the electrolyte. The best result was equal to = 5.4 10 -3 S m -1 . Alteration in the electrolyte content in the films (Table 3) did not practically influence their conductivity. Therefore, the following decrease in the electrolyte content in TBC2 films at the keeping high level of their ionic conductivity is possible.
In the other experimental series, we dealt with TBC3 films doped by lithium salt. The electrolyte content in the initial solution was varied relatively to TBC ( Table 4) . In two cases, a nonionic plasticizer such as ethyleneglycol (EG) with the constant weight fraction (1 wt/% with respect to TBC) was also introduced ( Table 4 ). Significant increase in the film The volume resistance of a polymer film at the infinitely high frequency. c The specific ionic conductivity. elasticity took place at the addition of LiPF 6 and EG. The specific ionic conductivity of the compositions was also measured by impedance spectroscopy but only in the regime A. Frequency dependences of the imaginary and real parts of the complex impedance for TBC3 films doped by Li-salt are represented in Figure  7 . The volume resistances R of the films were determined from Figure 6 by means of two procedures: (LE) the linear extrapolation of experimental data to the abscissa-axis in the range of high frequencies and (ES) the extrapolation of the high-frequency semicircles, which were displayed in some impedance plots (Figure  7) , to the abscissa-axis [58, 60] .
All the results are represented in Table 4 . They showed a considerable rise in the ionic conductivity of the composite films with growth of LiPF 6 content.
Such effect was not surprising taking into account: i) corresponding increase in the concentration of ions in the films, and ii) the Li-ion interactions with oxygen atoms of PEO and/or carbonyls of PAAm amide groups [48] . The last interactions competed with hydrogen bonding of PEO and PAAm blocks and resulted in the plasticizing action of LiPF 6 additives on TBC3 film structure. A similar plasticizing action of Li-salts on the bulk structure of neat PEO and PEO-containing block copolymers is well known from the literature [28, 30, 58] . A small quantity of the nonionic plasticizer not only improved elasticity of the films but also essentially raised their conductivity. According to Table 4 , both the factors acted in the same direction. Thus, in TBC3 films doped by LiPF 6 together with EG, a high level of the ionic conductivity ( = 1. 
CONCLUSION
Experimental results and discussion above allow concluding that the following key structural factors ensured the high ionic conductivity of pure and doped TBC films could be picked out. The first important factor is the hydrogen bond system between PEO and PAAm blocks, due to which PEO chains lose their ability of crystallizing. The second one is a homogeneous distribution of the regions with hydrogen-bonded segments of the components in the copolymer structure. Finally, the nanoporous massfractal organization of TBC structure takes also a significant role because it promotes a free and quick transport of low-molecular-weight electrolytes through the composite films under the action of external electric field.
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